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Abstract 
This paper discusses the current and future drivetrain perspectives of powerful mobile 
machines, especially in regards to TCO and drive performance. For the TCO-impact, the 
power losses of the components plays a big role and, if they are designed for efficiency, 
they have a significant and measurable influence. From the braking function point of 
view, this paper demonstrates not only the advantages of a valve-based over a control 
algorithm based solution, but also its innovative development directions towards a more 
sophisticated engine speed controller with optimized heat conversion into the oil. Also 
for the drivetrain subsystems, innovative components are discussed, like the hybrid 
control, combining the benefits of a non-feedback and a displacement control in one 
single assembly, or the variable charge system for further reduced energy consumption 
of the overall drivetrain. 
KEYWORDS: Efficiency, braking solutions, ISL, hybrid control, variable charge 
system, total cost of ownership TCO 
1. Introduction 
In the market development roadmaps of new and future mobile machines, the focus on 
TCO (Total Cost of Ownership) is strongly increasing in a global competitive 
environment. I.e. several combined factors are essential key for success, next to the 
production costs and lead time, e.g. fuel efficiency, reliability, functional safety, etc. This 
is especially relevant for powerful machines, capable of reaching high speeds (towards 
40 – 50 km/h). Here the attention on the drivetrain components loss behaviour is 
significantly changing towards a relevant sales and change-over argument based on field 
measurements.  
But this focus on efficient drivetrains is not only caused by the focus on TCO, the market 
is also facing tightening emission regulations, which introduce changes on the engine 
side. More expensive exhaust treatment reducing the engine efficiency is sought to be 
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compensated by more efficient drivetrains, but also by reduction of engine internal 
losses. The downside of these engine-based activities is a reduced braking capability of 
the engine. This implies a need for smart hydraulic solutions, providing efficient 
drivetrains with extended braking capabilities to compensate these emission regulation 
impacts, especially keeping the increased vehicle mass and speed in mind.  
This paper will demonstrate, how innovative products and solutions help overcoming 
these challenges, leading to high performing and competitive drivetrains. The results for 
the most important functions of a drivetrain, driving and braking, will be discussed in 
detail, taking heavy agricultural machines like combines and sprayers as examples. 
Moreover, high performance drivetrains must not only focus on efficiency and braking as 
mentioned above, a more closer look to controllability and functional safety is necessary, 
too. These are the basis for smart software solutions, boosting with new control 
algorithms the drivetrain efficiency and functionality as well as comfort and machine 
productivity. 
Finally, an outlook is given on active development directions for high power hydrostatic 
units, in particular on the relevant sub-systems. This will for example include more 
efficient solutions for charge pumps, because the focus on sub-systems is also required 
in order to find an optimum for the system-TCO and performance.  
2. High Performance in Efficiency 
The majority on the drivetrain structures used for hydrostatic transmissions consists of a 
single pump and a single motor, acting on a mechanical final transmission. This is well 
used in machines like a wheel loader or telehandler. Are mechanical final transmissions 
not possible or too expensive, the all-wheel drive is often realised by applying a motor to 
each wheel. A good example here is the agricultural self-propelled sprayer. These 
vehicles require a tall chassis construction to pass over the growing plants without 
damaging them. A mechanical transmission with shafts in between the axles would not 
lead to sufficient fulfilment of this requirement, so the four wheels are each propelled with 
a hydraulic motor and a small reduction gear. 
Having such a system, typically with a bigger single or tandem pump and four wheel 
motors, it is interesting to be analysed here to show the contribution of high performing 
units, which are designed to optimise the fuel consumption. For example, on the pump 
side, closed cavity pistons for reduced mass and friction losses as well as low leakage 
valveplate designs account for high efficiency. On the motor side, large swivel angles of 
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32°, lightweight pistons through synch-joint technology and a flow loss optimisation lead 
to the most efficient motors /1/, /2/. 
Figure 1 demonstrates the advantages of these H1 design features on a typical 
customer machine, weighting 19 tons maximum (full) with a drivetrain consisting of one 
swashplate pump with 210 cm³/rev and four bent axis motors with 110 cm³/rev, combined with 
an in-wheel reduction gear at each wheel. By a direct lab measurement comparison, it 
is possible to show a system advantage of 18,5 kW less power consumption in fast 
spraying conditions, at 22 km/h with 350 bar and 250 kW pump input power - a typical 
working condition in areas with large field areas like America /3/.  
 
Figure 1: Efficiency gain of H1 technology in a 19 tons sprayer 
The corresponding TCO advantage can quickly sum up to thousands of Euro fuel costs 
or increased productivity. This comparison, based on measurements at the same test 
setup, has been verified in corresponding machine field tests in the meantime. 
3. High Performance in Braking  
It is also very important to have a look at the braking capability for this machine type. In 
general, the trend in mobile machinery is going to more powerful machines, for more 
harvesting or working performance. But this also includes increased vehicle mass and 
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speed. A specification for the drivetrain is thus to be able to stop the vehicle in an 
appropriate way, fast and save without overspeeding the engine.  
Using the drag power of the engine to slow down the vehicle, these characteristics 
become challenging for Tier 4f / EU IV engines: The internal loss-optimisation of these 
engines lead to a significantly reduced braking capability of the engines. To not lose the 
well-known advantage of hydrostatic drivetrains, braking without service brakes, a 
supporting solution integrated in the hydrostatic drivetrain is needed. Thereby, the back-
fed hydraulic brake power, given with the system pressure , the pump speed  and 
displacement , must be smaller, than the maximum brake power, the engine can 
handle ǡ:  
݀݌ ή ݊௉௨௠௣ ή ௉ܸ௨௠௣ ൏ ாܲ௡௚ǡ௕௥௔௞௘ (1) 
There are several solutions already in place, which will be discussed now. The underlying 
theme of all these solutions is to convert the kinematic energy of the vehicle by throttling 
into thermal energy (heat), dissipated in the oil cooler. 
For a demonstration, that other machines face similar problems, the braking chapter will 
be discussed instead of the sprayer with another very common vehicle type, the combine 
harvester. It faces at the end similar challenges like the sprayer, a comparably big vehicle 
at higher speeds generates a big amount of kinetic energy in braking which must be 
dissipated.  
3.1. Hardware based Braking Solution 
The first discussed solution is an integrated separate valve system, called 
ISL – Integrated Speed Limitation. This additional valve in the backside port of the pump, 
shown in figure 2, is a pilot-controlled throttle, which regulates the pumps kit pressure 
independent from the hydrostatic braking pressure at a pressure level, which prevents 
overspeed even at maximum flow. The pressure regulation is overridden by an orifice. 
This orifice is placed in parallel to the throttle as a permanent bypass. It allows the pump 
kit pressure to rise as the incoming flow decreases. This combination of pressure 
regulation and bypass helps to reduce the conversion of power into heat in the hydraulic 
circuit. So, comparing also with equation (1), the classiness of this solution is to reduce 
the pressure in the kit () but maintaining a high motor brake pressure. 
The function of the ISL is discussed in Figure 3, showing an acceleration, little travel 
downhill and then deceleration of a combine; in the upper part of the diagram in 
measurement traces and in the bottom part the according simulation results. The 
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combine taken here has a weight of 24 tons unloaded, 330 kW engine power and up to 
40 km/h travel speed.  
 
Figure 2: Pump schematic with ISL Valves in the dotted-line box 
 
Figure 3: Braking situation for a 24 tons combine in downhill conditions 
Top: Measurements – Bottom: Simulation 
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In the first 8 sec, the combine is accelerated to travel speed and then faces a downhill 
slope with -8 % grade. It stays for approx. 15 sec on a constant downhill travel. The 
braking is engaged shortly before 25 sec, still being on the slope. The pump port 
pressures are pA and pB, where the forward drive pressure is A and B as the brake 
pressure. Additionally, the pump internal pressure after the ISL valve, called kit pressure 
pKit, is also traced. If the ISL valve is active, pKit and pB differ. Besides the pressures, also 
the hydraulic motor speed and the engine speed is shown. 
Looking at the traces, the function of the ISL becomes obvious, especially from 25 sec, 
when the braking to standstill is initiated. The pump is commanded to 0 displacement, 
building up brake pressure with the motor and the vehicle inertia – close to 480 bar (dp). 
Having the pressure limiter keeping the pump on stroke, the ISL-valve realises a 
pressure at the kit pKit low enough to not overload the engine by throttling the flow to the 
kit. Thus, the engine does not overspeed. The combine decelerates further, the flow from 
the motor reduces and the pressure limiter strokes the pump to smaller displacements 
to maintain high brake pressures. The ISL reacts to the reduced flow in increasing pKit – 
until the valve closes completely shortly before full stop of the vehicle.  
There is also a second point becoming clear by looking at the traces. The simulation 
represents the measurement pretty close. There are only limited differences in the 
pressure visible in acceleration and in the very beginning of the slope, indicating that the 
ground characteristics have not been matched perfectly, which is uncritical and not 
decreasing the model quality. So, this comparison gives big trust in the simulation for 
further brake simulations and system layouts. 
The system benefits are safe functionality, good system controllability, short reaction and 
braking times as well as ease of application. To determine the settings, a simulation is 
used which is so accurate, it hits in 90 % of cases the perfect setting on the machine. No 
blown engine, no extensive software adjustment needed, also no adjusting of every 
vehicle in series production to manufacturing tolerances.  
One downside of this concept is however the installation on one port side only, so that it 
cannot be used in both directions. This is no issue for the majority of vehicles like 
combines and sprayers, but for applications which drive equal fast in both directions, like 
rollers and trains, some adaptations are necessary. Solutions, which are applicable here 
are the extraction of the ISL valves into a separated block, so that is can be installed on 
both sides of the pump. 
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3.2. Software Algorithm based Braking Systems 
Another braking version discussed here is in principle a software algorithm solution. As 
this solution uses the already existing high pressure relief valves (HPRV) and no 
additional components, this solution seems simple and cheap. To not overload the 
engine, the pump is stroked to a defined lower displacement, given from a modification 
of equation (1): 
݀ ௉ܸ௨௠௣ ൌ
ாܲ௡௚ǡ௕௥௔௞௘
݀݌ ή ݊௉௨௠௣൘
 (2) 
For compensating in the initial braking situation, the motor is also stroked to smaller 
displacements. This avoids jerks, too. If the motor then strokes to bigger displacements 
and builds up braking pressure, the majority of the flow is released over the HPRVs, see 
figure 2. 
The downside of the solution is, that the timing of the stroking of the units is essential. 
Having a mismatch between pump and motor angle, in best case a reduced deceleration 
and in worst case engine destruction can happen. This requires thus a very intense 
creation and application procedure of the general software together with a reliable 
stroking behaviour of the units and a proper machine tuning in first start-up – likely also 
in series production to cover manufacturing tolerances. An additional problem of this 
solution is that the flow does not stay in the loop, it leaves the loop at the HPRV and 
goes through the gallery of the pump, to be fed into the loop again on the other side. 
Often, the pump gallery design leads to a pressure increase for such a high amount of 
flow. This causes oil to be flushed out of the loop by the charge pressure relief valve.  
 
Figure 4: Simulation of a braking manoeuvre with software algorithm braking concept 
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In combination with long hoses between pump and motor and the motor stroking to 
maximum displacement and thus sucking more oil, typically the motor gets underfed and 
cavitates. Figure 4 shows results of a simulation demonstrating this effect. After 40 sec, 
when the braking starts, the low pressure drops to zero and the motor cavitates for some 
time. An accumulator close to the motor is an appropriate countermeasure here, but this 
eliminates the benefit of no additional components.  
3.3. High Performance Braking Systems 
Based on the ISL solution above, a big possible improvement lies on the fact, that the 
ISL-valve only limits the pressure to a set pressure which the pump achieves at 
maximum displacement – visible in Figure 3 between 15 – 20 sec. A proportional version 
P-ISL is controlling a speed – either the engine or pump speed, depending which has a 
lower limit, shown in figure 5. 
 
Figure 5: Proportional P-ISL with electric actuator 
The P-ISL consists of three main components, the pressure regulator valve, which is 
pilot-operated and throttling the main flow to the pump. The direction detection valve is 
connected to the pump servos and ensures the ISL function is only in forward braking 
conditions active. The third component is the pilot itself, which defines the kit pressure 
pKit based on the actuator input. The P-ISL is supposed to be available with two different 
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actuators. As shown in figure 5, it can be equipped with an electric actuator. Together 
with the engine speed information (standard for today’s engines), the speed control loop 
is closed and the pilot valve controls the kit pressure to not overspeed the engine. The 
other variant is a pure hydraulic version, where the speed is measured based on the 
charge pressure. This would be an electric and software free version with the same goal 
– control the engine and pump speed in braking conditions. 
Next to this, the flow capability of the P-ISL is projected to be significantly higher than 
the standard ISL, so that it well prepared also for systems with very high flows, like 
drivetrains with a big single pump and four wheel motors.  
Figure 6 and figure 7 show the current ISL system and the extended P-ISL. The 
combine is again the demonstration vehicle, here in a little different condition than shown 
in figure 3 with higher engine speed and a different ground texture. The improvement of 
the new proportional ISL really shows in the braking phase, starting at 40 sec. Having a 
little steeper slope (-9 %) now, the standard ISL-valve settles the kit pressure pKit around 
the set-pressure, which is here 140 bar. 
 
Figure 6: Combine in braking condition with standard ISL solution 
With the pressure limiter controlling the pump displacement, the engine is not loaded to 
its maximum capability, the engine speed drops early back to commanded speed, 
significantly before vehicle standstill. In other words, the kinetic energy is not dissipated 
into engine internal friction but converted into oil temperature which must be cooled. This 
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energy is cumulated for the braking manoeuvre in the top right plot of figure 6, up to 
1.8 MJ for the standard ISL. 
 
Figure 7: Combine in braking condition with P-ISL solution 
In contrast to that, the proportional ISL keeps the engine speed in the braking phase very 
constant at a high level. This means, the maximum engine braking capability is used. 
Taking the brake energy into account, P-ISL creates an advantage of 0.3 MJ compared 
to standard ISL, which is a reduction of 16 % heat input to the oil. But also in other braking 
situations, the proportional ISL has advantages over the standard ISL. It controls the 
engine speed, which means in light braking situations, where the pressure might be 
already high enough to activate the standard ISL but the engine is way below its limit, 
the new ISL will not activate and use the engine even more and limits the heat transfer 
to the oil. So, the proportional ISL system shows high braking performance without giving 
up the know benefits of simple and easy application, no additional parts like 
accumulators and reliability. 
3.4. High Performance Controlling: Hybrid Control 
Looking at pump controls, there are mainly two versions out in the field, first a 
displacement control, which takes care that the pump follows a displacement command. 
For the H1 pump series, there are three types of displacement controls (DC) available, 
an electric (EDC), a hydraulic (HDC) and a mechanic displacement control (MDC), all 
named after their command source. And second, a non-feedback control (NF), which 
keeps normally the servo pressure constant according to a command – NFPE control for 
the H1 pumps.  
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Both have their typical benefits, the DC-type keeps the pump angle constant which 
means at constant engine speed a constant vehicle speed – optimal for working 
processes which need constant speed. The constant servo pressure of NF-type enables 
the pump to react on the system pressure, typically destroking with increasing pressure 
and onstroking with decreasing pressure – exactly what is needed for automotive drive 
behaviours. It gets interesting if both driving behaviours are needed in an application, i.e. 
constant speed during working and automotive drive for traveling. A typical solution 
would be to use a NFPE-control with an angle sensor to build a displacement control in 
software outside of the pump. The downside of this approach is on the one side a slower 
reaction than a DC-control and on the other side the parameterisation of this software 
controller.  
 
Figure 8: Hydraulic schematic of the H1 hybrid control  
The hybrid control is a proposed hardware solution, which combines both types of 
controls, the DC- and the NF-type. Figure 8 shows the control in principle, attached to a 
servo-system of a pump. It could be activated and deactivated just with a force of the 
other, passive side’s solenoid, giving the two drive characteristics to the vehicle on 
demand. This would be an ideal solution for the above mentioned applications, realized 
in one single control.  
The functioning of the control is demonstrated in the figure 9, showing simulation results. 
The pump runs at constant speed, 1800 1/min and is subjected to a double pressure ramp 
as shown in the top-left diagram. In the first ramp until 20 sec, the pump acts in DC-
mode, because both coils are activated, shown in the diagram on the top-right. The 
passive side coil (here C2) is powered with a small current to activate the DC-mode. 
After 20 sec, the current on the passive side drops and the pump runs in NF-mode. Due 
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to the design, the currents are a bit higher, so the current on the active side (C1 here) 
increases.  
 
Figure 9: Simulated pump reactions with a Hybrid control in DC- and NF-mode 
The results of this condition are shown in the bottom diagrams. In DC-mode, the angle 
is absolutely constant and pressure independent. The control adjusts the servo pressure 
accordingly. In NF-mode, the different current level for NF-mode gets the pump a bit in 
stroke, but under pressure it draws back and shows the pressure sensitivity typically for 
NF-controls and needed for automotive strategies for drivetrains. 
So, this new type of control offers new drivetrain control strategies with the above 
mentioned combination of both control types, DC and NF. The benefits of this solution 
are quite clear, easy adaption of different drive modes, no additional hardware parts – 
only this pump control and no software for angle control algorithms. That leads also to 
an easy application in vehicles – on the prototype as well as in series production and to 
a compelling new drivetrain variability for the vehicle OEMs. 
3.5. High Performance Charge System: Variable Charge Pump 
The charge system is one of the systems in hydrostatic drivetrains, which is seen as a 
small necessity consuming only a smaller portion of power and thus often overlooked. 
But talking about high performance drivetrains, this needs also attention by reducing the 
power consumption of the charge system. Having today’s systems operating a fixed, 
often gear-type pump to charge the circuits, it is easy to see that a system like this, 
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designed for the worst-case flow demand, is often overfilling the needs and thus 
consuming too much power.  
The key is here to provide almost only the charge flow needed with a variable pump. The 
solution is a variable charge pump which could replace the standard fixed charge pump 
sitting in the endcap of the drive pump. Here, the pump is based on a vane pump principle 
/5/, consisting of the parts show in figure 10. 
 
Figure 10: Parts of the variable charge pump 
The main shaft, illustrated in the lower right of figure 10, drives the rotor. The rollers are 
sealing the individual pressure chambers. Having an eccentricity between the driving 
rotor and the guiding cam ring, there is a radial movement of the rollers during the 
revolution. In the figure, the rollers move out of the rotor slots in the bottom half of the 
rotation and thus sucking the oil from the tank. They move into the rotor slots during the 
top half of the rotation, creating the charge pressure. This pump becomes variable, if 
designed like shown in figure 10, lower right drawing: The cam ring is movable around 
the pivot point and controlled by a force balance between an external control force (here 
spring) and the pressure forces in the low and high pressure chambers. 
The simplest type of control would be a spring as shown above, realising a simple 
pressure compensation-control. The spring presses the cam ring into the maximum 
displacement position. Above a certain pressure, the pressure forces overcome the 
spring force and reduce displacement to keep the pressure constant. More sophisticated 
control types include hydraulic or electric actuators, so that the displacement could be 
controlled.  
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Broad analyses have been made in /6/ to analyse the potential power saving of a variable 
charge pump with the finding that the maximum effect is only available if the variable 
pump is combined with a variable loop flushing, because the loop flushing has also a 
significant effect on the charge flow demand. Key is to reduce or deactivate flushing 
when the full flush flow is not necessary, like shown in figure 11.  
 
Figure 11: Simplified hydraulic schematic with variable charge pump and loop flushing 
So, the combination of the new developed charge pump and the already existing 
electrical loop flushing valve leads to improved performance and maximum reduced 
power consumption in the charge system. Taking the combine from the previous 
example into account, first system simulations calculated a power saving potential 
between 2 – 3 kW, depending on the operation conditions. This shows, that the power 
consumption of the charge system could be nearly halved with this variable charge 
system, taking the consumption of a fixed system into account. 
4. Summary  
Basis for the discussions in this paper is the trend to higher performance and more power 
in mobile machines by reduced TCO. This paper has presented innovative products and 
solutions to boost the performance of hydrostatics drivetrains. The performance is not 
only limited to efficiency of the main hydraulic units, H1 pumps and motors, which show 
compelling advantages by design, but also to subsystems like the braking system. 
Having with the ISL already a braking solution which convinces of high braking 
performance by an absolute ease of installation, this system can be further extended to 
the P-ISL. P-ISL utilises the maximum braking power of the engine during stronger brake 
manoeuvre as well as optimised engagement at smaller brake manoeuvres, resulting in 
a superior brake performance and reduced heat input to the hydraulic circuit by the same 
ease of application of the system and optimal component lifetime.  
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Next to this, innovative solutions are also discussed for the drivetrain auxiliary systems. 
The new developed hybrid control can give the OEMs the possibility to implement 
different driving behaviours in their machines, like constant speed or automotive 
behaviour just with this single control. No additional components as normally needed, at 
hard- and software, to be able to adapt the drivetrain optimal to the operation conditions 
for increased machine performance. 
Finally, the power saving potential of the variable charge system demonstrates that also 
smaller subsystems like the charge system are in focus to be optimised, because high 
performance drivetrains stand for a thought-through solution, based on innovation and 
reliability to unleash the full potential of hydrostatic drivetrains, making mobile machines 
ready for the future. 
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